Two types of dislocation loops are observed in irradiated α-Fe, the 1/2 111 loop and the 100 loop. Atomistic simulations consistently predict that only the energetically more favourable 1/2 111 loops are formed directly in cascades, leaving the formation mechanism of 100 loops an unsolved question. We show how 100 loops can be formed when cascades overlap with random pre-existing primary radiation damage in Fe and FeCr. This indicates that there are no specific constraints involved in the formation of 100 loops, and can explain their common occurrence.
I. INTRODUCTION
Iron-based and iron-chromium-based alloys are the most widely used construction metals.
They are also the materials used in nuclear power plant vessels, and hence knowing their irradiation response is crucial. One important property of the structural materials in power plants is their mechanical behaviour, and the possible detrimental changes that can be induced by irradiation. In metals, the mechanical properties are mainly determined by the existence and movement of dislocations 5 . The migrational properties of nano-sized dislocation loops, formed as products of irradiation, are strongly dependent on their Burgers vector,
and therefore knowing what type of dislocation loops are formed is crucial for predicting the subsequent microstructural evolution of the material. While 1/2 111 loops can easily migrate and be absorbed by defect sinks like grain boundaries and surfaces, 100 loops are highly immobile, and can themselves act as defect sinks in the material. Understanding the formation mechanisms of the 100 loops is therefore important.
It has been known since experiments in the 1960s, that both 1/2 111 and 100 dislocation loops are formed as a result of irradiation in Fe 16, 34 , although the 1/2 111 loops are energetically more stable 32 . This is in contrast to other BCC metals such as V and Mo, where 100 loops are rarely seen 23, 24 . Until recently, it was believed that such loops do not form in W either, but they have now been shown to form in individual massive collision cascades 25, 35 . However, because of the low subcascade splitting energy in Fe 28 , such massive cascade events rarely occur in neutron-or self-ion-irradiated Fe. Hence, even though the 100 dislocation loops are regularly seen experimentally, the underlying mechanisms of formation in Fe are not yet fully known. In this Letter, we show how homogeneous prolonged irradiation of Fe and Fe-based materials leads spontaneously to the formation of 100 loops.
A key aspect of radiation damage in Fe is that TEM-visible defects, in particular those large enough to allow determination of their Burgers vector, form only after a time, when the radiation dose (as commonly measured by displacements-per-atom, dpa 20 ) has reached a certain level. Thus, the observed 100 loops may be products of the evolved, initially sub-visible, defects. Experimentally, 100 loops have been seen to form from a spontaneous change in the Burgers vector from a 1/2 111 loop to a 100 loop upon heating 2 . This spontaneous transformation was later attributed to anisotropic elasticity effects in iron 6 , an effect which becomes increasingly important at higher temperatures. 37 . In all of the previous studies, the loop formation was the result of some artificially made defect configuration, positioned in a manner favouring 100 loop formation.
In this Letter, we show how homogeneous prolonged irradiation leads spontaneously to the formation of 100 loops in Fe and Fe-based materials. This alternative formation mechanism, based on the overlap of cascades with pre-existing cascade damage, is not in contradiction to previous mechanisms, but does not require a predefined starting point. This mechanism is in line with the fact that observed 100 loops in Fe are the result of irradiation to a fairly high dpa 34 , where overlap effects can be significant. We study overlapping cascades both in bulk systems and in systems with a close by surface, the latter to include a permanent defect sink for mobile defects. To simulate the effects of high doses of irradiation, we run massively overlapping cascades, where debris of multiple previous cascades can be found.
II. METHODOLOGY
We use molecular dynamics (MD) to simulate the defect production in Fe and FeCr-alloys.
To has negligible effect on the primary damage formed in single cascades 18, 27 . For this reason, we study single cascades simulated at 0 K in order to fully isolate the cascade dynamics from thermally induced evolution. On the other hand, the cooling rate of the heat spike is affected by the ambient temperature, becoming slower at raised temperatures, thus the cascade-induced migration and transformations of defects in the simulation cell will be sensitive also to the ambient temperature. Hence, we have performed the massively overlapping cascades at 300 K in order to correspond to room temperature experiments. The series of secondary cascades were conducted to investigate the statistics of the overlapping effects of cascades, on various configurations of pre-existing damage in pure Fe, using the AcklandMendelev potential 17 . For these simulations, we used a higher PKA energy (50 keV) to cover the overlapping effects and possible dislocation nucleations in larger areas. These simulations were repeated with the interatomic potential by Dudarev et al. 7 , to confirm that our findings were not due to a specific property of the potential. Dislocations and their Burgers vectors were systematically identified using the dislocation extraction algorithm (DXA) im-plemented in OVITO 29, 30 . More details on the systems and simulation details can be found in the Supplementary material available online.
III. RESULTS AND DISCUSSION
The results show that the overlap of the disordered core of a cascade with a pre-existing defect cluster is enough to lead to the formation of an interstitial-type 100 dislocation loop with a significant probability. Even though mainly 1/2 111 dislocation loops are seen in the massively overlapping cascades (see Fig. 1 ), there was at least one perfect 100 loop present in 4 % of the frames. The interstitial-type 100 loops were observed in pure Fe as well as at all different chromium contents. In 20 % of the 50 keV cascade cases, the cascade yielded a perfect 100 interstitial loop in the direct overlap of a previous dislocation network. In the massively overlapping 5 keV cascades, 100 loops formed at some point in all simulation cells with all interatomic potentials. The formed loops are usually around 1 − 2 nm in size.
Defects of such size are regularly produced in more energetic single cascades, but require evolution of the microstructure or significant cascade overlap in the case of lower energy cascades. The pre-existing damage that we observe leading to the formation of 100 loops is in general irregular, often consisting of a network of 1/2 111 and 100 segments (see Fig. 1 ), or of 1/2 111 segments with their Burgers vector in different directions.
In some cases, we observe a large interstitial 100 loop forming from two existing 1/2 111 loops, similar to the mechanism proposed in Refs. We also observe that some of the mixed interstitial 1/2 111 -100 loops, generated directly in the cascades, can be transformed into a complete 100 loop. This happens via a combination of (i) destruction of parts of the 1/2 111 segments by the cascade and (ii) absorption of the 1/2 111 part into a 100 loop, similar to that presented by Marian et al.
in Ref. 14. They reported that a 100 loop can absorb small 1/2 111 loops and grow, but they relied on that the initial 100 was created by combination of two 1/2 111 loops, which they did not observe. One occurrence of a cascade induced transformation of a mixed loop is illustrated in Fig. 3 . The initial mixed dislocation network, shown in Fig. 3a , contained 47 interstitials and was produced randomly from two overlapping cascades. This was part of the initial damage state for a series of 40 individual 50 keV cascade simulations. A subse- of that particular series, the cascade did not directly overlap the mixed dislocation network, and correspondingly little or no change in the structure was observed, thus indicating that direct overlap of the disordered cascade region with the defect is necessary for this transformation mechanism to operate. When a transformation occurs, the mixed loop is partially or completely destroyed in the molten cascade region generated by the secondary cascade (Fig 3b) , and after cooling regenerates, e.g. in the form seen in Fig. 3c . In the illustrated case, as the cascades cools further, the new dislocation network eventually transforms into a perfect 100 loop in a sequence of two 1/2 111 segments combining to form 100 segments. In Fig. 3c and d, the dislocation segments terminate in the still molten cascade region. In Fig. 3e , the loop is fully formed, and consists of two 1/2 111 loops connected by two 100 segments. In Fig. 3f , an additional 100 segment is formed through the reaction These transformations are stochastic in nature, with some of the mixed loops transforming into 100 loops and some into 1/2 111 loops. We also observed direct formation of small 100 loops in locations where an overlapping cascade fully encompassed a small pre-existing interstitial cluster or loop, resulting in a locally dense region within the heat spike. This was observed in all samples, both bulk and bulk with a surface as well as at all investigated chromium concentrations. The addition of chromium did not affect the production of 100 loops, as the loops were seen at least as often in FeCr as in pure Fe. Hence, even low energy cascades can introduce 100 loops to the sample, when previous cascade debris exists. In the study of individual secondary cascades, we observed that the initial debris from only one 50 keV cascade was enough for small 100 loops, or 100 dislocation segments, to be created as a result of a subsequent cascade. The formation of interstitial type 100 loops were observed with all three interatomic potentials used here, and are therefore not a potential- Although the overall probability of complex mixed loops transforming into perfect 100 loops is low, 100 loop formation is still significantly frequent when the density of defect clusters in the material becomes high. Additionally, over a longer time scale, a significant portion of the 1/2 111 loops are likely to migrate and be absorbed by grain boundaries and surfaces. Hence the density of the immobile 100 loops can grow to higher fractions, comparable to those observed in experiments. In the simulations of massively overlapping
cascades with an open surface, 1/2 111 loops are often seen to migrate and recombine at the surface, whereas the 100 loops remain stable and immobile over a large number of subsequent cascades. While the formation mechanism of 100 loops proposed here relies crucially on the effects of the molten cascade core reforming parts of pre-existing dislocation Experimentally, TEM investigations on thin samples show that a large fraction of interstitial 100 loops are formed at elevated temperatures 34 . At lower temperatures, vacancy type 100 loops have been observed in thin film samples 11, 34 , where supersaturation of vacancies is present. In thin film experiments, the time scale for cascade overlap competes with the time for loss of mobile interstitial defects to the surface, leading to reduced cascade overlap effects as compared to bulk irradiation, and hence a reduced probability for formation of 100 interstitial-type loops at a given dose rate via this mechanism.
In summary, using molecular dynamics simulations, we have shown that 100 interstitial dislocation loops can form directly as a result of overlapping cascades in Fe and FeCr.
The process is cascade-induced, and takes place over picosecond time scales. We see that the energetic overlapping cascades can induce the transformation and combination of irregular 1/2 111 loops into 100 loops, with no restrictions of initial size and configuration on the 1/2 111 loops. Furthermore, we observe transformations from various complex mixed 1/2 111 -100 dislocation networks into complete 100 loops through a sequence of 1/2 111 segments combining into 100 segments. The results also show that the presence of debris from previous cascades is sufficient for the spontaneous in-cascade formation of small 100 loops, even at low recoil energies.
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